Bacteria and archaea reproduce clonally (vertical descent), but exchange genes by recombination 13 (horizontal transfer). Recombination allows adaptive mutations or genes to spread rapidly within 14 (or even between) species, and reduces the burden of deleterious mutations. Clonality -defined 15 here as the balance between vertical and horizontal inheritance -is therefore a key microbial trait, 16 determining how quickly a population can adapt and the size of its gene pool. Here, I discuss 17 whether clonality varies over time and if it can be considered a stable trait of a given population. I
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natural bacterial populations fit this idealized, theoretical definition of clonality. Or, as discussed lineages would be expected to acquire the two (or perhaps a handful of) genetic elements required 102 for pandemic disease. This leads to the hypothesis that pandemic cholera emergence is selection realized recombination rates that are much higher than point mutation rates, exchanging at least their length, genomic location and gene content varied [3] . Genes of different functions had 141 different realized recombination rates, implying a role for natural selection on gene function in 142 determining whether newly acquired genes are retained.
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Modeling the recombination-selection balance 145 When rates of recombination are relatively low compared to rates of natural selection on adaptive 146 genes within niches, entire genomes will sweep to fixation before they can be shuffled by 147 recombination. Following previous modelling work, s is defined here as the selective coefficient 148 of a niche-adaptive allele, and r is the recombination rate, per locus per generation [7, 32, 33] .The individual genes (rather than entire genomes) will sweep to fixation (i.e. reach 100% frequency) 153 in ecological niches to which they are adapted, without affecting genetic diversity elsewhere in 154 the genome (Figure 1B) . The first serious theoretical attempt to reconcile the observations of 155 gene-specific sweeps with low recombination rates was the "Adapt Globally, Act Locally" model 156 [18, 20] , in which globally adaptive genes (adaptive in multiple different niches) trigger genome-They may experience genome-wide sweeps independently of r and s. As discussed below, N e is 170 probably an important determinant of clonality.
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Genome-wide and gene-specific sweeps in nature
173
To date, empirical evidence for gene-specific and genome-wide sweeps has come mostly from 174 cross-sectional studies of a single population of genomes at a single point in time, with 175 recombination and selection inferred backward in time [11, 13, 14, 35] . Sequencing microbial 176 genomes or metagenomes sampled over time -already a typical practice in genomic 177 epidemiology (e.g. [28, 36] ) -promises to elucidate the rates of gene-specific and genome-wide 178 sweeps in nature (Figure 1) .
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In a pioneering study, Bendall et al.
[37] sampled a lake over nine years and followed As a whole, the study showed that both genome-wide and gene-specific sweeps can occur 203 in different microbial populations from the same environment. Whether microbial populations 204 behaved differently due to differences in their ecology (i.e. regime of natural selection) or in their 205 baseline recombination rates remains a question for future study; Cohan recently suggested that 206 ecological differences could be more important [39] . Specifically, he suggests that ecological 207 "generalists" could have more opportunities for diversification, and thus be relatively immune to 208 genome-wide sweeps, compared to ecological specialists. I suggest that these generalists may 209 simply have larger N e , such that diversity is rarely purged by drift (e.g. bottlenecks), and that 210 diversity is mainly governed by selection and recombination. It is possible that ecological 211 generalists tend to have large N e , or that N e and ecology exert independent effects (e.g. ecological 212 generalists can have low N e and still resist genome-wide sweeps). The fact that one genome-wide 213 sweep was observed over a nine year period suggests that such events might be relatively rapid 214 but rare (only observed in one of 30 populations). Meanwhile, gene-sweeps might be more completion.
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Is clonality a stable trait?
219
As described in the V. cholerae example, some pathogenic bacterial populations can switch 220 between panmictic and clonal lifestyles [11, 13, 14, 19, 25, 34, 35] . Therefore clonality can vary over 
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The remaining ten populations were defined as "young, low-diversity," having more recently It appears that pathogens are more likely than free-living bacteria to undergo clonal expansions, 262 due in part to their ecology and transmission dynamics [41] . Free-living aquatic bacteria, on the 263 other hand, seem to be more likely to live in large, panmictic populations and behave like 264 archipelagos [11, 13, 14, 37] . If clonality is indeed a stable trait, this implies that history will repeat 265 itself, and that the future behavior of microbial populations can be predicted with some 266 confidence from their past behavior. Diverse populations tend to stay diverse. Clonal populations 267 (that experience frequent genome-wide sweeps) tend to stay clonal. But history is not doomed to life spans of decades to thousands of years [25, 28, 42, 43] . Other pathogens, such as Streptococcus 272 pneumoniae, may retain their panmictic population structure throughout an outbreak [44] [45] [46] . 
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[37], the nonsynonymous to synonymous (N:S) SNP ratio was plotted against the total SNP 299 density (SNPs per megabasepair) for each of 30 bacterial populations. A pseudocount of 1 was 300 added to both N and S counts. These 30 populations were divided into 20 "old, diverse" 301 populations (>1500 SNPs/Mbp) and 10 "young, low-diversity" populations (<1500 SNPs/Mbp).
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Each point represents one of the 30 populations, colored in black if diversity was maintained over to maintain their diversity, whereas those with N:S > 0.5 tend to be purged of diversity over the 9 308 years (Fisher test, Odds Ratio = 5.94, P = 0.042). Consistent with previous observations that N:S 309 depends on the evolutionary time available for purifying selection to act [47, 48] 
